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This application is submitted in the name of inventors A. Farid Issaq and 
Frank Hawley, assignors to Actel Corporation, a California corporation. 

SPECIFICATION 

IMPROVING THE SWITCHING RATIO AND ON-STATE 
RESISTANCE OF AN ANTIFUSE PROGRAMMED BELOW 5 mA AND 
HAVING A Ta OR TaN BARRIER METAL LAYER 

CROSS REFERENCE TO RELATED APPLICATIONS 
[0001] This application is a continuation-in-part of co-pending United States 
Patent Application Serial Number 09/972,825, filed October 2, 2001 and is a 
continuation-in-part of United States Patent Application Serial Number 10/327,675, 
filed December 19,2002. 

BACKGROUND 

[0002] The present application relates to metal-to-metal antifuses fabricated 
using carbon-containing antifuse layers, and more particularly, to programming 
metal-to-metal antifuses that are fabricated using carbon-containing antifuse 
layers. 

[0003] Metal-to-metal antifuses are well known in the art. These devices 
are formed above a semiconductor substrate, usually between two metal 
interconnect layers in an integrated circuit and comprises an antifuse material 
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layer sandwiched between a pair of lower and upper conductive electrodes, each 
. electrode in electrical contact with one of the two metal interconnect layers. 

[0004] Numerous materials have been proposed for use as antifuse material 
layers in above- substrate antifuses. Such materials include amorphous silicon or 
an alloy thereof, poly silicon, crystalline carbon, silicon, germanium, chalcogenide 
elements. 

[0005] The integration of copper and low -K dielectric are regarded among 
other materials as a promising use for reducing the resistance/capacitance delay 
(RC delay). To prevent copper diffusion and to help adhesion, a thin barrier layer 
is desirable between the antifuse material layer and the metal layer. A titanium 
nitride (TiN) barrier layer, presently in use with an amorphous silicon antifuse 
layer at a low programming current, for example below 1 milliAmp (mA), has a 
very high resistance and is nonlinear. For example, the resistance for an 
amorphous silicon antifuse layer having a TiN barrier layer for a programming 
current below 1 mA can be many thousands or ten thousands of ohms and may be 
non-linear (i.e., acting like a diode). The TiN barrier layer, used with a carbon 
base antifuse at low programming current (i.e., below 5 mA) when compared to a 
TiN barrier layer used with an amorphous silicon layer, has considerably lower 
resistance of about 2000 ohms at about 1 .0 mA and about 300 to about 500 ohms 
at about 5 mA, and, in both cases, is linear. 
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[0006] Hence, there is a need for a barrier metal layer for an antifuse that 
has a low resistance at a low programming current and a good switching character 
ratio. 

SUMMARY 

[0007] A metal-to-metal antifuse is disposed between two metal 
interconnect layers in an integrated circuit. An insulating layer is disposed above 
a lower metal interconnect layer. The insulating layer includes a via formed 
therethrough containing a tungsten plug in electrical contact with the lower metal 
interconnect layer. The tungsten plug forms a lower electrode of the antifuse. 
The upper surface of the tungsten plug is planarized with the upper surface of the 
insulating layer. In a first embodiment, an antifuse layer comprising amorphous 
carbon is disposed above the upper surface of the tungsten plug. An adhesion- 
promoting layer of a material, such as SiN or SiC, may be provided at the 
interfaces' of the antifuse layer and the other layers in the structure. A barrier 
metal layer disposed over the antifuse layer forms an upper electrode of the 
antifuse. 

BRIEF DESCRIPTION OF THE FIGURES 
[0008] Referring now to the figures, wherein like elements are numbered 
alike: 
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[0009] FIG. 1 A is a cross-sectional view of an illustrative antifuse; 

[0010] FIG. IB is a cross-sectional view of another illustrative antifuse; 

[0011] FIG. 2A is a cross-sectional view of another illustrative antifuse; 

[0012] FIG. 2B is a cross-sectional view of another illustrative antifuse; 

[0013] FIG. 3A is a cross-sectional view of another illustrative antifuse; 

[0014] FIG. 3B is a cross-sectional view of another illustrative antifuse; 

[0015] FIG. 4 A is a cross-sectional view of another illustrative antifuse; 

[0016] FIG. 4B is a cross-sectional view of another illustrative antifuse; 

[0017] FIGS. 5 A through 5C are cross-sectional views of the antifuse of 
FIG. 1A and FIG. IB showing the structure existing at selected points in the 
fabrication process; 
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[0018] FIGS. 6 A through 6C are cross-sectional views of the antifuse of 
FIG. 2A and FIG. 2B showing the structure existing at selected points in the 
fabrication process; 

[0019] FIGS. 7A through 7C are cross-sectional views of the antifuse of 
FIG. 3A and FIG. 3B showing the structure existing at selected points in the 
fabrication process; 

[0020] FIGS. 8 A through 8C are cross-sectional views of the antifuse of 
FIG. 4A and FIG. 4B showing the structure existing at selected points in the 
fabrication process; 

[0021] FIG. 9 is a flow diagram illustrating the steps of a first embodiment 
of antifuse programming; 

[0022] FIG. 10 is a flow diagram illustrating the steps of a second 
embodiment of antifuse programming; 

[0023] FIG. 11 is a graph illustrating the switching ratio of amorphous 
carbon having TiN as barrier metal layers in a prior art antifuse; 
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[0024] FIG. 12 is a graph illustrating the switching ratio of amorphous 
carbon having Ta as barrier metal layers; and 

[0025] FIG. 13 is a graph illustrating the switching ratio of amorphous 
silicon having TaN as barrier metal layers. 

DETAILED DESCRIPTION 
[0026] Those of ordinary skill in the art will realize that the following 
description is illustrative only and not in any way limiting. Other embodiments 
will readily suggest themselves to such skilled persons. 

[0027] The metal-to-metal antifuses are disposed between two metal 
interconnect layers that lie above and are insulated from the semiconductor 
substrate in an integrated circuit. An insulating layer is disposed above a lower 
metal interconnect layer. The insulating layer includes a via formed therethrough 
containing a tungsten plug in electrical contact with the lower metal interconnect 
layer. The tungsten plug forms a lower electrode of the antifuse. The upper 
surface of the tungsten plug is planarized with the upper surface of the insulating 
layer. 

[0028]. Referring first to FIG. 1A, a cross-sectional view shows an 
illustrative metal-to-metal antifuse structure 10. In the embodiment shown in FIG. 
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1, substrate 12 is shown covered by insulating layer 14 and metal interconnect 
layer 16. Persons of ordinary skill in the art will realize that FIG. 1A is merely 
illustrative and that metal interconnect layer 16 need not be the first metal 
interconnect layer in a multi-level metal integrated circuit. 

[0029] Insulating layer 18, comprising, for example, deposited silicon 
dioxide having a thickness from between about 300 nanometers (nm) to about 
1,000 nm, is disposed above metal interconnect layer 16 and includes a tungsten 
plug 20 formed in a via therethrough and electrically coupled to metal 
interconnect layer 16. As is known in the art, the upper surfaces of insulating 
layer 18 and tungsten plug 20 may be planarized to provide a relatively flat 
surface upon which to fabricate an antifuse. Alternatively, tungsten plug 20 may 
be raised above the surface of the insulating layer 18 by performing planarization 
using CMP techniques or by performing a plasma oxide etch after planarization. 

[0030] In the embodiment of FIG. 1A, an antifuse layer 22 is disposed over 
tungsten plug 20. The antifuse layer 22 may comprise an antifuse material 23 
selected from the group including amorphous carbon, amorphous carbon doped 
with hydrogen or fluorine, and amorphous silicon carbide and may have a 
thickness of about 0.2 nm to about 100 nm. In addition, combinations of the 
materials as disclosed herein may be used for the antifuse material 23. The 



ACT-377 

amorphous carbon, and combinations thereof, may be disposed on the device 
using a source gas, preferably acetylene gas (C 2 H 2 ). 

[0031] For example, the antifuse material 23 may be formed from 
amorphous carbon or amorphous carbon doped with fluorine or hydrogen or 
fluorine and hydrogen having a thickness of between about 10 nm to about 80 nm. 
Where antifuse material 23 is formed from amorphous carbon doped with 
hydrogen, the hydrogen doping should be from about 1 atomic percent to about 40 
atomic percent. Where antifuse material 23 is formed from amorphous carbon 
doped with fluorine, the fluorine doping should be from about 0.5 atomic percent 
to about 20 atomic percent. 

[0032] Antifuse layer 22 may also be formed from a combination of layers, 
including adhesion layers 36, 38. A first example is a layer of silicon carbide 
having a thickness of about 0.4 nm, a layer of amorphous carbon having a 
thickness of between about 10 nm and about 80 nm, and a layer of silicon carbide 
having a thickness of about 0.4 nm. A second example is a layer of silicon nitride 
having a thickness of about 0.4 nm, a layer of amorphous carbon having a 
thickness of between about 10 nm and about 80 nm, and a layer of silicon nitride r 
having a thickness of about 0.4 nm. 
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[0033] When the antifuse material 23 comprises amorphous carbon or 
doped amorphous carbon, a thin (e.g., 0.4 nm) adhesion-promoting layer of SiN or 
SiC is disposed below the antifuse material 23 and above the antifuse material 23 
to promote adhesion between the antifuse material 23 and the adjoining layers in 
the antifuse structure. For purposes of this disclosure, antifuse material layers 
comprising amorphous carbon or doped amorphous carbon shall be construed to 
include such adhesion-promoting layers as a part of their structure. 

[0034] A first example is a lower adhesion layer 36 of amorphous silicon 
carbide having a thickness of about 0.4 nm, a middle layer 23 of amorphous 
carbon having a thickness of between about 10 nm and about 80 nm, and an upper 
adhesion layer 38 of amorphous silicon carbide having a thickness of about 0.4 
nm. A second example is a lower adhesion layer 36 of amorphous silicon nitride 
having a thickness of about 0.4 nm, a middle layer 23 of amorphous carbon 
having a thickness of between about 10 nm and about 80 nm, and an upper 
adhesion layer 38 of amorphous silicon nitride having a thickness of about 0.4 nm. 

[0035] A barrier metal layer 24 such as Ta, TaN, TaC, Ti, TiC, or TiN 
having a thickness of about 10 nm to about 200 nm is disposed over the antifuse 
material layer forming an upper electrode of the antifuse. In a second 
embodiment to be disclosed herein, an additional lower barrier metal layer is 
disposed between the top surface of the tungsten plug and the antifuse material 23. 
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In the embodiment illustrated in FIG. 1A, a hard mask layer 28 is deposited over 
the barrier metal layer 24. The hard mask layer 28 may be comprised of, for 
example, an oxide such as silicon oxide, a metal such as tungsten, or another 
suitable material known in the art. 

[0036] The embodiment shown in FIG. IB is similar to the embodiment 
shown in FIG. 1A, except that the hard mask layer 28 in FIG. IB is comprised of 
an insulator such as silicon dioxide, and has been etched to include a via through 
which electrical contact to a metal layer may be made. 

[0037] Referring now to FIG. 2B, a cross-sectional view shows an 
illustrative metal-to-metal antifuse 30. The embodiment illustrated in FIG. 2B is 
similar to the embodiments illustrated in FIGS. 1A and IB, and structures in the 
embodiment of FIG. 2B corresponding to structures in FIGS. 1 A through IB will 
be identified by the same reference numerals. Also, unless otherwise noted, 
persons of ordinary skill in the art will appreciate that the materials and 
thicknesses of the various layers will be similar to those disclosed with respect to 
the embodiment of FIGS. 1 A through B. 

[0038] In the embodiment shown in FIG. 2B, substrate 12 is shown covered 
by insulating layer 14 and metal interconnect layer 16. As was the case with the 
embodiments illustrated in FIGS. 1A through IB, persons of ordinary skill in the 
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art will realize that FIG. 2B is merely illustrative and that metal interconnect layer 
16 need not be the first metal interconnect layer in a multilevel metal integrated 
circuit. 

[0039] Insulating layer 18, comprising, for example, deposited silicon 
dioxide, is disposed above metal interconnect layer 16 and includes a tungsten 
plug 20 formed in a via therethrough and electrically coupled to metal interconnect 
layer 16, As is known in the art, the upper surfaces of insulating layer 18 and 
tungsten plug 20 may be planarized to provide a relatively flat surface upon which 
to fabricate antifuse 30. Alternatively, tungsten plug 20 may be raised above the 
surface of the insulating layer 18 by performing planarization using CMP 
techniques or by performing a plasma oxide etch after planarization. 

[0040] As previously mentioned, the embodiment of the invention of FIG. 
2B includes an additional barrier metal layer 32 disposed between the top surface 
of the tungsten plug and the antifuse layer 22. Additional barrier metal layer 32 
comprises a material such as Ta, TaN, TaC, Ti, TiC, or TiN and has a thickness of 
about 25 nm to about 200 nm. In some embodiments, a thin layer of Ti is 
deposited, at a thickness of about 10 nm to about 40 nm, on the surface to which 
the barrier metal layer 32 is to be deposited (e.g., insulating layer 18 and tungsten 
plug 20). Antifuse layer 22 is the same as that disclosed with respect to the 
embodiments of FIGS. 1A through IB. 
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[0041] A barrier metal layer 24 comprising a material such as Ta, TaN, 
TaC, Ti, TiC, or TiN and having a thickness of about 25 nm to about 200 nm is 
disposed over the antifuse layer 22 forming an upper electrode of the antifuse 30 
of FIG. 2B. In some embodiments, a thin layer of Ti is deposited, at a thickness of 
about 10 nm to about 40 nm, on the surface to which the barrier metal layer 24 is 
to be deposited (e.g., antifuse layer 22). In the embodiment illustrated in FIG. 2B, 
a hard mask layer 28 is shown as an oxide layer deposited over the barrier metal 
layer 24. During processing, a layer of photoresist is deposited on the oxide layer 
and then the oxide layer is etched. Following etching, the photoresist is stripped 
and the remaining oxide layer is left as a hard mask, acting as an etch mask when 
etching the barrier metal layer 24 and the antifuse layer 22. The hard mask layer 
28 protects the antifuse layer 22 from being removed during the photoresist 
stripping step. 

[0042] FIG. 2A shows an antifuse device similar to the device shown in 
FIG. 2B, where a metal layer such as tungsten comprises the hard mask 28. Since 
Al, Ti, Ta, TaC, TiC, TaN, and TiN have high selectivity to tungsten (W), a thin 
layer of PVD or CVD tungsten (about 25 nm to about 50 nm) can also be used as a 
hard mask 28 to etch the underlying metal 24. Since the tungsten layer is thin, 
only a thin layer of photoresist is required to pattern hard mask 28. Once the hard 
mask 28 is etched open, the remaining photoresist is stripped and metal layer 24 
can be etched without organic material present on the metal stack. Once the metal 
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layer 24 is etched, the tungsten hard mask can be etched in reactive ion etch (RIE) 
with an SF6 chemistry. It is also possible to leave the thin tungsten hard mask 
layer 28 above the etched metal stack, as shown in FIG. 2A. The use of an oxide 
or tungsten hard mask provides high etch selectivity and the possibility to etch 
metals without affecting the dielectric constant value (K) and mechanical 
properties of the amorphous carbon antifuse layer 22. 

[0043] Another difference between the embodiments of FIGS. 1A through 
IB and 2A through 2B is that an additional insulating layer 34, that may comprise 
a deposited layer of silicon dioxide having a thickness of about 100 nm to about 
500 nm may be employed over the structure including barrier metal layer 32, 
antifuse layer 22, and barrier metal layer 24, as shown in FIGS. 2 A through 2B. 
Metal interconnect layer 26 is disposed over the insulating layer 34 and contacts 
barrier metal layer 24 through a via formed the insulating layer 34. 

[0044] Referring now to FIG. 3A, a cross-sectional view shows an 
illustrative metal-to-metal antifuse 50. The embodiment illustrated in FIG. 3A is 
similar to the embodiment illustrated in FIG. 1 A, and structures in the embodiment 
of FIG. 3 A corresponding to structures in FIG. 1 A will be identified by the same 
reference numerals. Also, unless otherwise noted, persons of ordinary skill in the 
art will appreciate that the materials and thicknesses of the various layers will be 
similar to those disclosed with respect to the embodiment of FIG. 1 A. 
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[0045] In the embodiment shown in FIG. 3A, substrate 12 is shown covered 
by insulating layer 14 and metal interconnect layer 16. As was the case with the 
embodiment illustrated in FIG. 1 A, persons of ordinary skill in the art will realize 
that FIG. 3 A is merely illustrative and that metal interconnect layer 16 need not be 
the first metal interconnect layer in a multi-level metal integrated circuit. 

[0046] Insulating layer 18, comprising, for example, deposited silicon 
dioxide, is disposed above metal interconnect layer 16 and includes a tungsten 
plug 20 formed in a via therethrough and electrically coupled to metal interconnect 
layer 16. As is known in the art, the upper surfaces of insulating layer 18 and 
tungsten plug 20 may be planarized to provide a relatively flat surface upon which 
to fabricate antifuse 50. Alternatively, tungsten plug 20 may be raised above the 
surface of the insulating layer 18 by performing planarization using CMP 
techniques or by performing a plasma oxide etch after planarization. 

[0047] As previously mentioned, an antifuse layer 22 is disposed over 
tungsten plug 20. Antifuse layer 22 is the same as that disclosed with respect to 
the embodiment of FIG. 1A. A barrier metal layer 24 such as Ta, TaN, TaC, Ti, 
TiC, or TiN having a thickness of about 25 nm to about 200 nm is disposed over 
the antifuse material layer forming an upper electrode of the antifuse 50 of FIG. 
3A. In the embodiment illustrated in FIG. 3 A, an oxide layer 28 is deposited over 
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In some embodiments, a tungsten layer can also be 



[0048] A difference between the embodiments of FIGS. 1 A and 3 A is that 
an additional insulating layer 34, that may comprise a deposited layer of silicon 
nitride or silicon oxide (using PECVD techniques) having a thickness of about 50 
nm to about 500 nm, with about 100 nm preferred, may be employed over the 
structure including antifuse layer 22 and barrier metal layer 24, as shown in FIG. 
3 A. This material protects antifuse layer 22 from shorting with the metal 
interconnect layer 26. Metal interconnect layer 26 is disposed over the insulating 
layer 34 and contacts the antifuse stack through a via formed through insulating 
layer 34. 

[0049] In the embodiment shown in FIG. 3B, the hard mask layer 28 is 
comprised of an insulator such as silicon dioxide, and has been etched to include a 
via through which electrical contact to a metal layer may be made. 

[0050] Referring now to FIG. 4A, a cross-sectional view shows an 
illustrative metal-to-metal antifuse 60. The embodiment illustrated in FIG. 4A is 
similar to the embodiment illustrated in FIG. 1 A, and structures in the embodiment 
of FIG. 4A corresponding to structures in FIG. 1 A will be identified by the same 
reference numerals. Also, unless otherwise noted, persons of ordinary skill in the 
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art will appreciate that the materials and thicknesses of the various layers will be 
similar to those disclosed with respect to the embodiment of FIG. 1A. 

[0051] A difference between the embodiments of FIGS. 1 A and 4A is that 
an additional insulating layer or spacer 35, that may comprise a deposited layer of 
silicon nitride or silicon oxide (using PECVD techniques) having a thickness of 
about 50 nm to about 200 nm, with about 100 nm preferred, may be employed 
adjacent to the structure including antifuse layer 22 and barrier metal layer 24, as 
shown in FIG. 4A. This material protects antifuse layer 22 from shorting with the 
metal interconnect layer 26. 

[0052] A difference between the embodiments shown in FIG. 4A and FIG. 

4B is that FIG. 4B shows an embodiment where an insulating hard mask layer was 
used. The hard mask layer was removed prior to the disposing of metal 
interconnect layer 26 over the antifuse stack. Metal interconnect layer 26 is 
disposed over the spacer 35 and contacts barrier metal layer 24, as illustrated in 
FIG. 4B. FIG. 4 A shows an embodiment with a conducting hard mask layer 28 
(e.g., comprised of tungsten). In this embodiment, the hard mask 28 does not need 
to be removed. 

[0053] FIGS. 5A through 5C are cross-sectional views of the antifuse of 
FIG. 1A showing the structure existing at selected points in the fabrication 
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process. Since the fabrication of antifuse 10 begins after the planarization of the 
insulating layer 18 and tungsten plug 20 that follows well-known prior processing 
steps, all of FIGS. 5A through 5C show the insulating layer 18 and tungsten plug 
20 as the starting point for the fabrication process. 

[0054] Referring first to FIG. 5 A, antifuse 10 of FIG. 1 A is fabricated by 
forming antifuse layer 22 over tungsten plug 20 and insulating layer 18. As 
previously noted, antifuse layer 22 may include thin adhesion-promoting material 
layers 36, 38, such as SiN or SiC deposited, for example, using PECVD 
techniques. 

[0055] As will be appreciated by persons of ordinary skill in the art, the 
thickness of antifuse material 23 is usually from about 10 rim to about 80 nm. 
Such skilled persons will realize that the thickness used will depend on the desired 
programming voltage for the finished antifuse. 

[0056] Next, barrier metal layer 24 is deposited to a thickness of about 25 
nm to about 200 nm using PVD sputtering techniques. A hard mask layer 28 is 
deposited over the barrier metal layer 24. The hard mask layer 28 is deposited at 
about 500 angstroms to about 4,000 angstroms, with about 2,000 angstroms 
preferred. The hard mask layer 28 can comprise either oxide or tungsten. 
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[0057] Referring now to FIG. 5B, a layer of photoresist 40 is deposited on 
the hard mask layer 28 and then photoresist 40 and hard mask layer 28 are etched. 
Following etching, the photoresist 40 is stripped and the hard mask layer acts as an 
etch mask when etching the barrier metal layer 24 and the antifuse layer 22. Since 
Al, Ti, TiC, Ta, TaC, TaN, and TiN have high selectivity to tungsten (W), a thin 
layer of PVD or C VD tungsten (about 25 nm to about 50 nm) can be used as the 
hard mask 28. A tungsten hard mask layer 28 can be deposited at about 250 
angstroms to about 4,000 angstroms, with about 500 angstroms preferred. Once 
the metal layer 24 is etched, the tungsten hard mask can be etched. It is also 
possible to leave the thin tungsten layer above the etched metal stack. The oxide 
or tungsten hard mask provides high etch selectivity and the possibility to etch 
metals without affecting the dielectric constant value (K) and mechanical 
properties of the amorphous carbon antifuse material 23. 

[0058] As shown in FIG. 5B, after antifuse material 23, any necessary 
adhesion layers, and barrier metal layer 24 and hard mask 28 have been formed, a 
photoresist layer 40 is formed over the surface of hard mask layer 28 to define the 
shape of the antifuse "stack" comprising layers 36, 22, 38, 24, and 28. A 
conventional etching step is then performed to etch the hard mask 28 to the desired 
geometry. FIG. 5B depicts the structure remaining after the etching step used to 
define the shape of the hard mask but prior to removal of the photoresist layer 40. 
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[0059] A layer of photoresist is deposited on the hard mask layer 28 and 

then the hard mask layer 28 is etched. Following etching, the photoresist is 
stripped and the remaining hard mask layer is left as a hard mask, acting as an etch 
mask when etching the barrier metal layer 24 and the antifuse layer 22. The hard 
mask layer 28 protects the antifuse layer 22 from being removed during the 
photoresist stripping step. Since Al, Ti, Ta, TaN, and TiN have high selectivity to 
tungsten (W), a thin layer of PVD tungsten (about 25 nm to about 50 nm) can also 
be used as a hard mask 28 to etch the underlying metal 24. Since the tungsten 
layer is thin, only a thin layer of photoresist is required to pattern the hard mask. 
Once the hard mask is open, the remaining photoresist is stripped and metal layer 
24 can be etched without organic material present on the metal stack. Once the 
metal layer 24 is etched, the tungsten hard mask can be etched in RIE with an SF6 
chemistry. It is also possible to leave the thin tungsten layer above the etched 
metal stack. The oxide or tungsten hard mask provides high etch selectivity and 
the possibility to etch metals without affecting the dielectric constant value (K) 
and mechanical properties of the amorphous carbon antifuse layer 22. 

[0060] Following removal of the photoresist 40, the device is etched using 
hard mask 28 to define the antifuse stack. Referring now to FIG. 5C, the antifuse 
stack following etching is shown. FIGS. 1 A and IB depict the antifuse structure 
of FIG. 5C after performance of further processing steps. 
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[0061] Referring now to FIGS. 6A through 6C, cross-sectional views show 
the structure of the antifuse 30 of FIGS. 2 A and 2B existing at selected points in 
the fabrication process. The results of the processing steps are analogous to those 
shown in FIGS. 5A-5C, but for a device such as shown in FIG, 2A and 2B. 
Referring to FIG. 6 A, antifuse 30 of FIGS. 1 A and IB is fabricated by depositing 
barrier metal layer 32 over tungsten plug 20 and insulating layer 18. FIGS, 2A and 
2B depict the structure of antifuse 30 in FIG. 6C after performance of additional 
processing steps. 

[0062] Referring now to FIGS. 7A through 7C, cross-sectional views show 
the structure of the antifuse 50 of FIGS. 3 A and 3B existing at selected points in 
the fabrication process. The results of the processing steps are analogous to those 
shown in FIGS. 5 A through 5C, but for a device such as shown in FIG. 3 A and 
3B. 

[0063] Referring now specifically to FIG. 7C, photoresist 40 has been 
removed using conventional mask-stripping steps and layers 24 through 36 have 
been etched and an insulating layer 34 has been deposited over the layers 36, 22, 
38, and 24 comprising the antifuse stack and the exposed surface of the insulating 
layer 18. Conventional masking and etching techniques (not shown) are then 
employed to form a contact via in insulating layer 34 and in hard mask 28 (in the 
case of an oxide hard mask). Next, metal interconnect layer 26 is deposited over 
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insulating layer 34 and in the contact via where it is electrically connected to 
barrier metal layer 24. A masking layer 42 may be formed over metal 
interconnect layer 26 using conventional photolithographic techniques in 
preparation for a metal-etch step to define the geometry of metal interconnect 
layer 26. FIG. 3B depicts the structure of antifuse 50 in FIG. 7 C after 
performance of further processing steps. 

[0064] Referring now to FIGS. 8A through 8C, cross-sectional views show 
the structure of the antifuse 60 of FIGS. 4A and 4B existing at selected points in 
the fabrication process. The results of the processing steps are analogous to those 
shown in FIGS. 5A through 5C, but for a device such as shown in FIG. 4A and 
4B. 

[0065] Referring now specifically to FIG. 8C, photoresist 40 has been 
removed using conventional mask-stripping steps and layers 24 through 36 have 
been etched and an insulating layer 35 is deposited over the layers 36, 22, 38, and 
24 comprising the antifuse stack and the exposed surface of the insulating layer 
18. Conventional masking and etching techniques (not shown) are then employed 
to form insulating layer 35 into spacers, shown in FIG. 8C. Next, metal 
interconnect layer 26 is deposited over spacers 35 and is electrically connected to 
barrier metal layer 24. A masking layer 42 may be formed over metal 
interconnect layer 26 using conventional photolithographic techniques in 
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preparation for final processing. FIG. 4A depicts the structure of antifuse 60 in 
FIG. 8C after performance of further processing steps. 

[0066] The use of amorphous carbon, amorphous carbon doped with at least 
one of hydrogen and fluorine, or amorphous silicon carbide, as the antifuse 
material layer in metal-to-metal antifuses inhibits the "healing" or "switching" by 
which the conductive filament deteriorates after programming. 

[0067] Any of the above-described antifuses can be programmed using the 
following method. 

[0068] In a first embodiment, a programming pulse of about 0.25 
milliAmps (mA) to about 0.5 mA is applied to an antifuse in a first direction for 
about 10 microseconds (//s) to about 1 millisecond (ms). Next, a programming 
pulse of about 0.25 mA to about 0.5 mA is applied to the antifuse in a second 
direction for about 10 pis to about 1 millisecond (ms). This will form an antifuse 
link having a finite resistance of less than about 2000 ohms. To achieve an 
antifuse with a finite resistance of about 100 ohms to about 400 ohms, an 
additional soaking pulse of about 2 mA to about 5 mA is applied to the antifuse in 
a first direction for about 1 millisecond (ms) to about 5 ms, and an additional 
soaking pulse of about 2 mA to about 5 mA is applied to the antifuse in a second 
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direction for about 1 ms to about 5 ms. The sequence of soaking pulses may be 
repeated, for example, up to four more times. 

[0069] In a second embodiment, a programming pulse of about 0.25 mA to 
about 0.5 mA is applied to an antifuse in a first direction for about 1 ms to about 5 
ms. Next, a programming pulse of about 0.25 mA to about 0.5 mA is applied to 
the antifuse in a second direction for about 1 ms to about 5 ms. This sequence of 
programming pulses is repeated, for example, four more times to form an antifuse 
link having a finite resistance of less than about 2000 ohms. To achieve an 
antifuse with a finite resistance of about 100 ohms to about 400 ohms, an 
additional soaking pulse of about 2 mA to about 5 mA is applied to the antifuse in 
a first direction for about 1 ms to about 5 ms, and an additional soaking pulse of 
about 2 mA to about 5 mA is applied to the antifuse in a second direction for about 
1 ms to about 5 ms. The sequence of soaking pulses may be repeated up to four 
more times. 

[0070] One of the main advantages of metal-to-metal antifuses is that they 
may be disposed over an active region of a semiconductor substrate rather than in 
the active region. This provides for much greater circuit density in the active 
region of the substrate, however, programming an antifuse placed above the active 
region must be accomplished without damaging the circuits in the active region. 
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[0071] By programming the metal-to-metal antifuse according to the 
present invention, the amount of energy used in the programming process achieves 
a reduction in the heating of the aluminum metallization layer to minimize the 
likelihood that aluminum will migrate into the conductive links of the antifuse 
itself or damage the aluminum by melting or migrating the aluminum away from 
the antifuse and causing a disconnect in the interconnect aluminum line. This is a 
significant advantage over programming methods which address the read disturb 
problem by raising the magnitude of the programming current. 

[0072] Antifuses according to the present invention are programmed using 
programming pulses of current that are substantially lower in both magnitude and 
duration than those of the prior art, and provide links of lower resistance and with 
less read disturb than amorphous silicon metal-to-metal antifuses. The antifuses 
can be programmed with current pulses of about 0.25 mA to about 0.5 mA for as 
short as about 10 pis to about 1 ms to achieve a very stable antifuse resistance of 
less than about 2000 ohms, and then soaked with current pulses of about 2 mA to 
about 5 mA to achieve a very stable antifuse resistance of about 100 to about 400 
ohms. The reduction in programming current permits the use of smaller 
programming current transistors, which helps to reduce die size. 

[0073] Referring again to FIG. 2A, an exemplary antifuse that is suitable for 
programming according to the present invention is depicted schematically in a 
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cross-sectional view. It is believed that the present invention is also useful for 
programming other types of antifuses. 

[0074] FIG. 9 is a flow diagram illustrating the steps of a first embodiment. 
First, at programming Step 100, a pulse of about 0.25 mA to about 0.5 mA is 
applied to an antifuse in a first direction for about 10 pis to about 1 ms. Next, at 
programming Step 102, a pulse of about 0.25 mA to about 0.5 mA is applied to the 
antifuse in a second direction for about 10 //s to about 1 ms. For the type of 
antifuse illustrated in FIG. 2 A, this has been shown to form an antifuse link having 
a finite resistance of less than about 2000 ohms. If an antifuse with a finite 
resistance of less than about 100 ohms to about 400 ohms is desired, at soaking 
Step 104, a pulse of about 2 mA to about 5 mA is applied to the antifuse in a first 
direction for about 1 ms to about 5 ms, and at soaking Step 106, a pulse of about 2 
mA to about 5 mA is applied to the antifuse in a second direction for about 1 ms to 
about 5 ms. At soaking Step 108, the sequence of Steps 104 and 106 may be 
repeated (e.g., up to four more times), Repeating the sequence of soaking Steps 
104 and 106 helps to reduce the distribution range of programmed antifuse 
resistances. 

[0075] In the soaking Steps 104 and 106 for the fuse illustrated in FIG. 2A, 
when the pulses are about 2 mA, the fuse resistance has a range of about 100 ohms 
to about 400 ohms; when the pulses are about 3 mA, the fuse resistance has a 
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range of about 100 ohms to about 300 ohms; and when the pulses are about 5 mA, 
the fuse resistance has a range of about 100 ohms to about 200 ohms. Applying 
pulses in Steps 104 and 106 of greater than about 6 mA may create an unstable 
state in the antifuse link. 

[0076] Typically, antifuse resistance decreases with additional current 
stress, however, presently it has been found that the application of current in a 
range of about 7 mA to about 10 m A results in antifuses having a distribution of 
resistances which is greater than that for a 5 mA pulse. An increase in current 
beyond this range again causes a decrease in antifuse resistance. 

[0077] It should be appreciated that about a 10 pis pulse width in 
comparison to about a 1 ms pulse width requires a programming voltage that is 
about 1 volt (V) to about 1.5 V greater than the breakdown voltage. 

[0078] FIG. 10 is a flow diagram illustrating the steps of a second 
embodiment. First, at programming Step 110, a pulse of about 0.25 mA to about 
0.5 mA is applied to an antifuse in a first direction for about 1 ms to about 5 ms. 
Next, at programming Step 112, a pulse of about 0.25 mA to about 0.5 mA is 
applied to the antifuse in a second direction for about 1 ms to about 5 ms. At 
programming Step 114, the sequence of Steps 110 and 112 is repeated a desired 
number of times (e.g., up to four more times). For the antifuse illustrated in FIG. 
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2A, this will form an antifuse link having a finite resistance of less than about 
2000 ohms. If an antifuse with a finite resistance of about 100 ohms to about 400 
ohms is desired, at Step 1 16, a pulse of about 2 mA to about 5 mA is applied to the 
antifuse in a first direction for about 1 ms to about 5 ms, and at Step 118, a pulse 
of about 2 mA to about 5 mA is applied to the antifuse in a second direction for 
about 1 ms to about 5 ms. At Step 120, the sequence of Steps 116 and 118 may be 
repeated up to four more times. Repeating the sequence of Steps 116 and 118 
helps to reduce the distribution range of programmed antifuse resistances. 

[0079] In the first and second embodiments, the methods include a first low 
programming current of about 0.25 mA to about 0.5 mA followed by a higher 
soaking current of about 2 mA to about 5 mA. The method of generally using a 
low programming current followed by higher soaking current provides a relatively 
lower and tighter distribution of antifuse resistance than a high programming 
current of about 2 mA to about 5 mA followed by a high soaking current of about 
2 mA to about 5 mA. 

[0080] According to the present invention, current pulses of a particular 
duration and magnitude are applied to the electrodes of an antifuse during the 
programming process. In an integrated circuit die, the antifuses are not directly 
accessible from outside of the integrated circuit. The antifuses in the integrated 
circuit are selected for programming and accessed by a number of known 
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schemes, which generally include first providing the integrated circuit with 
information identifying the antifuse to be programmed. This information is 
transformed by circuitry in the integrated circuit into signals, which provide a 
programming path to the antifuse to be programmed. 

[0081] In the programming set-up, a programming path from input/output 
(I/O) pins of the integrated circuit to the antifuse is created by addressing circuitry. 
Selection circuitry is connected via I/O pins to addressing circuitry located in the 
integrated circuit. This programming path includes MOS transistors that are 
turned on by addressing circuitry to complete the programming path from a 
programming pulse generator to antifuse. Those of ordinary skill in the art will 
recognize that the programming set-up described is oversimplified for the purpose 
of showing the environment of the present invention without overcomplicating the 
disclosure. Such skilled persons are familiar with addressing programmable 
devices and will have no trouble comprehending the invention from the disclosure 
herein. 

[0082] The programming device is connected to I/O pins of the integrated 
circuit to complete the programming path to its internal antifuses. Details of 
product use vary by manufacturer, but those of ordinary skill in the art recognize 
that full information on the use of such devices is provided by the manufacturers. 
It should be appreciated that providing the apparatus for providing such 
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programming pulses is well within the level of skill of those of ordinary skill in 
that particular art. Accordingly, a detailed description of the apparatus for proving 
the pulses according to the method of the present invention is not described herein. 
A programming device suitable for use includes an antifuse programming system, 
such as Activator or Sculptor, available from Actel Corporation of California. 

[0083] FIG. 11 is a graph illustrating the switching ratio of amorphous 
carbon having TiN as barrier metal layers. FIG. 1 1 illustrates a resistance test of 
antifuse constructed of an antifuse layer (SiC, amorphous carbon, SiC) having an 
upper and a lower barrier metal layer of TiN. The graph illustrates that an antifuse 
having an amorphous carbon antifuse layer with a TiN barrier metal layer at 
programming current of 0.5 mA has an on-state resistance of below about 1,000 
ohms and the resistance drifts between about 6 to about 10 mA. 

[0084] In contrast to FIG. 11, FIG. 12 represents antifuses created according 
to the present invention. FIG. 12 is a graph illustrating the switching ratio of 
amorphous carbon sandwich having Ta as barrier metal layers. FIG. 12 illustrates 
the switching characteristics of antifuses constructed of an antifuse layer (SiC, 
amorphous carbon, SiC) having an upper and lower barrier metal layer of Ta. The 
graph illustrates, when compared to FIG. 1 1, that an antifuse having an amorphous 
carbon sandwich with barrier metal layers of Ta exhibits a lower resistance and 
has superior switching characteristics. 
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[0085] Further in contrast to FIG. 11, FIG. 13 also represents antifuses 
created according to the present invention. FIG. 13 is a graph illustrating the 
switching ratio of amorphous carbon sandwich having TaN as barrier metal layers. 
FIG. 13 illustrates the switching characteristics of antifuse constructed of an 
antifuse layer (SiC, amorphous carbon, SiC) having an upper and lower barrier 
metal layer of TaN. The graph illustrates, when compared to FIG. 11, that an 
antifuse having an amorphous carbon sandwich with barrier metal layers of TaN 
exhibits a lower resistance and has superior switching characteristics. 

[0086] When compared to the antifuse of FIG. 11, an antifuse having a Ta 
or TaN barrier metal layer with an amorphous carbon antifuse layer exhibits a 
decrease in resistance by about one order of magnitude at a programming current 
of about 0.5 mA. Thus, the resistance decreases below 200 ohms or a magnitude 
of 10. 

[0087] In addition to the reduction in resistance, an antifuse according to the 
preferred embodiment that has been programmed at a low current (i.e., below 
about 0.5 mA) will not switch off until the device is operating at about 25 mA and 
above. 

[0088] Also, using TiN as a barrier metal layer is not a good candidate for 
copper metallization due to the problem of copper intrusion into the antifuse layer. 
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The use of Ta or TaN as a barrier metal layer prevents copper intrusion into the 
antifuse layer. 

[0089] While the invention has been described with reference to an 
exemplary embodiment, it will be understood by those skilled in the art that 
various changes may be made and equivalents may be substituted for elements 
thereof without departing from the scope of the invention. In addition, many 
modifications may be made to adapt a particular situation or material to the 
teachings without departing from the essential scope thereof. Therefore, it is 
intended that the invention not be limited to the particular embodiment disclosed 
as the best mode contemplated for carrying out this invention, but that the 
invention will include all embodiments falling within the scope of the appended 
claims. 

What is claimed is: 
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